This paper presents a useful and practical procurement approach using the joint replenishment and channel coordination (JR-CC) policy in a two-echelon supply chain considering the coordination cost. The objective is to determine a basic replenishment cycle time and the replenishment interval to minimize the total cost of the supply chain. To solve this NP-hard problem, a simple and improved differential evolution algorithm (IDE) is developed. The performance of the IDE is verified by benchmark functions. Moreover, results of comparative numerical example show the effectiveness of the proposed IDE. IDE can be used as a good candidate for the JR-CC model. Results of numerical examples also indicate that the JR-CC policy can result in considerable cost saving, and enhance the efficiency of a supply chain. But not all members in the supply chain can benefit a lot using this policy. Moreover, results of sensitivity analysis show that retailers have more willingness to adopt the JR-CC policy than the manufacturers because of the different cost savings.
Introduction
Over the past few decades, the joint replenishment problem (JRP) has been heavily studied since not only is the JRP a multi-item inventory problem but also it is widely applied to lot sizing problems in manufacturing applications (Axsäter and Zhang [1] ; Wang et al. [2] ). The JRP means to group items into the same order from a supplier to achieve the purpose of sharing the main preparation costs and saving the procurement costs. Moreover, a quantity discount will be offered by the supplier when the order amount is greater than a predefined quantity. Olsen [3] developed an evolutionary algorithm to solve the JRP. Moon and Cha [4] studied the JRP with resource constraints. Khouja and Goyal [5] reviewed the literatures on JRPs from 1989 to 2005 and summarized heuristics for JRPs, special approaches to JRPs, and some special applications of JRPs. Since 2013, there are several relevant papers related to JRPs and extensions such as Qu et al. [6] , Wang et al. [7, 8] , Büyükkaramikli et al. [9] , and Cui et al. [10] . However, these literatures mainly focus on the joint replenishment of multi-items from a single supplier in an individual enterprise.
In recent years, many companies realized that considerable cost savings can be achieved by the joint replenishment policy. Axsäter and Zhang [1] considered a two-level supply chain with a central warehouse and a number of identical retailers using the JR policy. Cha and Moon [11] and Moon et al. [12] developed efficient algorithms for solving the JRPs considering the quantity discounts. Cha and Park [13] dealt with the joint replenishment and delivery scheduling. Hsu [14] investigated the joint replenishment decisions involving combining different materials/components from several satellite factories to form a large shipment delivered to the central factory on a Just in Time (JIT) basis. T.-H. Chen 2 Discrete Dynamics in Nature and Society and J.-M Chen [15] proposed four decision-making policies characterized by the joint replenishment and channel coordination (JR-CC) practice to determine optimal inventory replenishment and production policies in a supply chain. However, these literatures have not considered the potential coordination cost when the JR-CC policy is adopted in the supply chain. All the center of the supply chain in these literatures is the suppliers, because the suppliers can distribute the items to the retailers jointly to reduce the delivery cost. Moreover, the suppliers can provide quantity discounts to inspire the retailers to adopt the joint replenishment policy.
The aim of this paper is to study a useful and practical procurement approach using the JR-CC policy considering the coordination cost and provide a simple and effective solution. In this study, the advantage of joint replenishment and channel coordination (JR-CC) policy is investigated based on the work of Hsu [14] . Hsu [14] studied the joint replenishment decisions for a central factory and satellite factories under a Just in Time environment and regarded the members of the supply chain as the same benefit group. Adversely, we consider that they have independent financial accounting systems and make their own decisions from the view of retailers for the efficient implementation of JR-CC policy. Moreover, we further compare costs to obtain useful managerial insights. Because the success of the JR-CC policy needs a close cooperation with other enterprises, it can be regarded as a practical and effective management method for most enterprises who only concentrate on its own benefit without consideration for the others.
JRPs had been proven to be the NP-hard problems and they were rather hard to find effective algorithms (Cha and Moon [11] ; Wang et al. [16, 17] ). Hsu [14] designed a complex heuristic to handle this problem. Several heuristics may give acceptable solutions when the scale of optimization is small. However, it is not easy to find a proper heuristic with a robust performance. However, this heuristic is relatively complex for decision-makers and cannot handle JR-CC model with the cost constrain conveniently. With the increasing complexity of supply chain optimization problem (Geunes and Pardalos [18] ; Geunes et al. [19] ; Pardalos et al. [20] ) and the development of the intelligent algorithms (Wang et al. [21] ; Li et al. [22] ; Wang et al., [23] ; Cui et al. [24] ), they were widely used for handling the practical supply chain optimization problems (Pei et al. [25] ; Al-Anzi and Allahverdi [26] ; Wang et al. [27] ). Among these algorithms, the differential evolution algorithm (DE) had an extensive application in JRPs (Wang et al. [2, 6, 8, 9] ). So, a simple and effective DE is utilized to handle this problem. The DE was proposed by Storn and Price [28] for complex continuous nonlinear, nondifferentiable, and multimodal optimization problem. This technique combines simple arithmetic operators with the classical events of crossover, mutation, and selection to evolve from a randomly generated starting population to a final solution. Due to its simple structure, easy implementation, quick convergence, and robustness, the DE has been applied in a variety of fields (Al-Anzi and Allahverdi [26] ; Pan et al. [29] ; Qu et al. [6] ). To the best of our knowledge, no work on the JR-CC model using DE can be found. The DE has a good performance in convergent speed, but the faster convergence may cause the diversity of population to descend quickly during the solution process. Moreover, a closely clustered population yields a premature convergence or a local optimum and cannot reproduce a better individual. So, the classic DE should be improved to find a good trade-off between convergence and diversity.
The rest of this paper is organized as follows. In Section 2, the independent replenishment (IR) model and JR-CC model are discussed. Section 3 proposes a DE-based solution for the proposed model. Section 4 contains numerical example and sensitivity analysis for the JR-CC models. Conclusions and future research are presented in Section 5.
Mathematical Formulation

Assumptions and Notations.
We consider two-echelon supply chain consisting of a retailer replenishes materials from multiple manufacturers which distributes in a centralized location. The retailer and manufacturers share the information of demand and inventory, and both of them can hold inventory. We assume that the demand of retailer is constant and no shortage is allowed. The manufacturers are assumed to be a "make-to-order" producer, using a lot-for-lot policy to fulfill customer demand. Each time the retailer has a need for replenishment, a major ordering cost, regardless of the number of the materials included, and a minor ordering cost, related to material, are incurred. In each production run, the manufacturers have a constant production rate and spend corresponding setup cost. The quantity in one product cycle of material is split into multiple equal-size shipment lots delivered to the retailer.
The following notations are used:
, number of materials involved in the model;
, index of item, = 1, 2, . . . ;
, demand rate of material ;
, production rate of material in a manufacturer, ≥ ;
, the number of shipments in which the material is delivered from the manufacturers to the retailer within one production cycle, a positive integer; Two models are discussed; one is independent replenishment (IR) model, in which the materials have their own shipment cycle time ; the other is JR-CC model, in which the materials have a common shipment cycle time .
Formulation of the IR Model.
With the independent replenishment policy, each entity in the supply chain concentrated on minimizing its own costs without considering the others. The retailer makes the replenishment decision for each item based on an EOQ policy (J.-M Chen and T.-H Chen [30] ). Then the total cost of items per year for the retailer is expressed as
Since the manufacturers adopt a "make-to-order" policy, the total cost for each manufacturer per year is
Then the total cost per year incurred to the retailer and the manufacturers for independent replenishing materials can be derived as
To simplify the expression, we denote
Then we can obtain the simplified formulation of JTC 0 as follows:
For a given set of = ( 1 , 2 , . . . , ), taking the first order of JTC 0 with respect to we have
Let JTC 0 ( , )/ = 0; the optimal * must satisfy
Since 2 JTC 0 ( , )/ 2 = 2( + / )/ 3 > 0, * can be determined uniquely by (6) after are given.
Substitute (6) into (4); the optimal JTC 0 can be obtained by
Formulation of the JR-CC Model.
The objective of the JR-CC model is to minimize the total cost in this two-echelon supply chain. It involves determining a basic replenishment cycle time and the replenishment interval for item i, where is an integral number. Then the total cost per year for the retailer is
The total cost of material per year for the manufacturers is
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where
Since the formulation of JTC has the similar structure of JTC 0 , for any fixed , the corresponding optimal common shipment cycle time
Then the minimal total cost of the supply chain under channel cooperation is
Obviously, both the JR-CC model and IR model have similar function structures. Hsu [14] proposed a heuristic for solving this model and obtaining the optimal solution. However, the heuristic is not universal and relatively complex for decision-makers. In addition, the JR-CC model is extended considering the restriction of coordination cost in the sensitivity analysis. So the heuristic cannot solve this model with a cost constraint. Therefore, in order to analyze model more effectively, a DE-based solution is provided. 
The Improved DE (IDE) for the JR-CC Model
where presents the present generation; ∈ [0, 2] is a mutation factor used to control the amplification of the differential variation; 1 , 2 , and 3 are three distinct random numbers and none of them coincides with the current target individual
Crossover. The trail vector can be obtained using the following rules:
where rand( ) is a uniformly distributed random number in range (0, 1); rnbr( ) is a randomly chosen integer in the set{1, 2, . . . , } which ensures the trail vector gets at least one parameter from the mutated vector; ∈ [0, 1] is a crossover constant.
Selection. The selection mechanism adopts one-to-one competition greedy strategy to decide which vector (trail vector ( +1) and target vector ( ) ) is chosen into the next generation. That is to say, ( +1) replaces ( ) only if its fitness (i.e., the value of objective function) is better than the fitness of ( ) .
The Improved DE (IDE).
In order to improve DE, an adaptive parameter is adopted and a new selection method based on DE and genetic algorithm (GA) is utilized.
Adaptive Mutation Factor. In mutation, parameter plays an important role. affects the speed of convergence anddecides the search range. Usually, optimization algorithms favor global search at the early stage for exploring feasible domain and local search at the latter stage for accelerating convergence. Based on above features, a parameter is defined as follows:
where min is the lower bound of ; max is the upper bound of ; is maximum evolution generation;
Discrete Dynamics in Nature and Society 5 presents the evolution generation. So can adjust its size with the change of the iterations. The larger mutation factor ensures greater diversity of population at the early stage, and the smaller mutation factor reserves excellent individual at the latter stage.
Combined Selection Operation of GA. The truncation selection method of GA is adopted. The trial solution is not compared with its parent but is kept in the trial set. When all individuals in the population generate their trial vector, a new population size of 2 is integrated by combining trial set and parent set. Then their fitness values are sorted in ascending order and the previous 50% vectors are truncated for the next generation population of the algorithm to ensure the excellent solution.
An Example for IDE.
Here an example is given to illustrate the procedure of the proposed DE algorithm. For current number of iteration and target vector Figures 1, 2, 3 , and 4. Figures 1, 2, 3 , and 4 demonstrate that IDE converges faster than classical DE in all cases, particularly when functions are difficult to converge such as 3 . Table 2 summarizes values averaged over 50 independent runs for the average min and standard deviation min of each algorithm for different test functions. The average CPU time and standard derivation of CPU time are reported in Table 3 . Table 2 illustrates that IDE is more effective to obtain optimal solutions, especially for 2 and 3 . Moreover, the fluctuation from average min of IDE is much smaller than that of classical DE, which also indicates the stability of IDE. Tables 2 and 3 show IDE always can find better solutions than DE faster.
Comparative Study of the
IDE-Based Procedure for JR-CC Model.
Considering that IR model and JR-CC model have similar property, for a given set of , we can obtain the optimal according to (6), according to (11) , and the optimal function value, that is, (7) for the IR model and (12) for the JR-CC model. Thus the procedure for two models is similar, and in the following the JR-CC model is used as an example to introduce the procedure.
Step 1 (initialization). Set lower and upper bound of mutation factor , crossover factor CR, and population scale . are integers so is obviously 1. According to the similar experience of Wang et al. [7] and Wang et al. [17] , is set sufficiently large to guarantee that optimal solution does not escape, such as 100. Generate the initial population (0) = (
1 ,
2 , . . . , (0) ) randomly between and .
Step 2. While stopping criterion is not met (G < GenM), go to Step 3; else go to Step 4.
Step 3. For each individual
Step 3.1 (mutation). Choose three vectors
randomly from the current population. Generate the mutated vectorV ( ) by (13).
Step 3.2 (crossover). Generate the trail vector ( +1) by (14) .
Step 3.3 (selection). Sort the new population size of 2 with trial set and parent set by optimal objective function value, and then truncate the previous 50% into next generation population ( +1) .
Step 4. Output the best results. 
Numerical Examples and Sensitivity Analysis
In this section, three numerical examples are presented. To verify the accuracy of IDE and the classical DE for the proposed models, a comparative example of Hsu [14] is conducted firstly. In order to further test the performance of the proposed algorithm for the practical problem, an extended example of the larger scale is presented in Section 4.2. For the analysis of the impact of different parameters of the models on the policy, a sensitivity analysis is designed in Section 4.3. [14] and Analysis. For the sake of analysis and verifying the accuracy of the IDE and the classical DE, the same data as Hsu [14] is adopted. The related parameters are reported in Table 4 . Considering the advice of Neri and Tirronen [34] and Wang et al. [35] , the following parameters are set: min = 0.2, max = 1.2, = 0.6, = 0.3, and = 5 . is set to 100 and the dimension of each individual DL is as the same with the number of materials . For a better comparison, the cost of each entity and the total cost in the supply chain are calculated. Moreover, the differences of each cost between two models are shown in Table 5 . Figure 5 gives the convergence curves of the DE and IDE. Table 5 shows the optimal values of decision variables of IR model and JR-CC model using IDE and the classic DE are the same with the heuristic of Hsu [14] and the little difference of cost of the supply chain between Hsu [14] and ours due to the number of decimal digits of decision variables . Compared with the IR policy, the total cost of the system is reduced by 23.83% using the JR-CC policy. In particular, the cost of the retailer is cut down by 31.28%. This indicates that the JR-CC model can reduce supply chain costs obviously 8 Discrete Dynamics in Nature and Society and enhance supply chain's efficiency. Furthermore, the convergence curves in Figure 5 demonstrate IDE can converge to the optimal results faster than DE.
Comparative Example of Hsu
An Extended Example with Larger Scale.
Since the problem scale of Hsu [14] is too small, an extended example with 10, 30, and 50 materials is designed in this section to verify the performance of the proposed algorithm further. The input parameters are generated from Table 6 .
The parameters , , , and are generated randomly from the given ranges in Table 6 . The algorithm's parameters min , max , , CR, and are set the same as in Section 4.1; the maximum iteration number GenM is set to 150, 300, and 600, respectively, for = 10, = 30, and = 50. Each scale is running 20 times. The results are reported in Table 7 , and the average convergence curves are listed in Figures 6, 7, and 8 .
The results shown in Table 7 and the curves in Figures 6,  7 , and 8 show the following interesting conclusions.
(1) For different scales, IDE can always converge to the optimal solution with the convergence rate of 100%. (2) The CPU time to obtain the optimal solution of IDE is always faster than DE.
(3) The convergence speed of IDE is faster than DE too. So, whatever in robustness, computing time, or convergence speed, IDE is always better than DE. IDE is a better candidate algorithm for the JR-CC model and IR model.
Sensitivity Analysis.
Since the fundamental of joint replenishment is sharing the major ordering cost to achieve cost saving, and the value of coordination cost to implement JR policy has a direct impact on the selection of the policies, we mainly examine the impact of these two parameters on the JR-CC model and IR model. Based on the numerical examples above, IDE is adopted for the sensitivity analysis.
The Impact of Misestimates of on the Cost Reduction of the Supply Chain.
The results obtained by IDE with varying from 0 to 2F based on the basic data in Table 4 are shown in Table 8 . Table 8 shows the cost reduction of the whole supply chain and almost every entity is increasing when the value of becomes larger. The retailer, especially, has more cost savings. In order to observe this trend more clearly, Figure 9 is provided using the data of Table 8 .
It is obvious that the changing of major ordering cost only causes a little increase in all manufacturers (less than 7%), but very tremendous in the retailer and the whole supply chain (more than 17%). This indicates that major ordering cost causes more influence on the retailer than the manufacturers. In other words, the retailer has more willingness to adopt the joint replenishment and channel coordination policy because of the difference of the cost reduction value. But the manufacturers may be reluctant to accept the policy. We also find that if the value of is too low, the retailer also has no interest in JR-CC policy because the cost reduction is too little.
The Impact of the Coordination Cost on the Cost
Reduction of the Supply Chain. When the retailer combines the manufacturers to adopt the JR-CC policy, the relevant responsible staff and certain resources including telephone communication, mail communication, and business trips should be needed. Since the cost of these resources is hard to be estimated or is small, almost theoretical researches ignore the coordination cost in the existing JR-CC model. In order to be more practical, here we will consider a new parameter representing the coordination cost. From Table 5 we know the cost of retailer is 6700.3 under IR policy, and then the JR-CC model for the retailer will contain a constraint which can be derived as
; the left of constraint has minimal value √2( + ∑ =1 )(∑ =1 ) = 4604.3. Then we can calculate less than 2094.5 if the retailer implements the JR-CC policy. Since is only concluded in the private cost calculation of the retailer, it has no evident influence on the cost of manufacturers. Next, the impact of misestimates of on the cost reduction of the retailer who advocates the JR-CC policy is analyzed using the DE approach. The results are shown in Table 9 . Table 9 shows the cost reduction of the retailer is decreasing when is larger. When is small ( = 10, 50, 100), the results change a little and the retailer can neglect it for the JR-CC decision. In realistic circumstances, is not insignificant. But once becomes very large, it will have a huge impact on the results when = 1500 or = 2000.
Conclusion and Future Research
This paper is an interdisciplinary research of an operation management problem under supply chain environment and an intelligent optimization algorithm. We discussed a practical and useful JR-CC model and proposed an effective and simple algorithm to handle this NP-hard problem. The main contributions are as follows.
(1) We consider the coordination cost when the retailer made JR-CC decisions while no existing works pay attention on it. Results of numerical examples show that the JR-CC policy can reduce total costs obviously and enhance the efficiency of a supply chain. But not all members in the supply chain can benefit a lot from this policy. The discussed JR-CC models can be applied in these industries, such as manufacturing and wholesale supplies under JIT purchasing environment.
(2) An IDE with an adaptive parameter FF is utilized based on the classic DE and GA. Results of benchmark functions and comparative numerical example verify the effectiveness of the proposed IDE. IDE is a good candidate for the JR-CC model.
(3) The impacts of misestimates of major ordering cost and the coordination cost on the cost reduction of the supply chain are analyzed, respectively. Corresponding managerial insights are given. Results of sensitivity analysis show the retailers have more willingness to adopt the JR-CC policy than the manufacturers because of the different cost savings.
However, the decision makers often have to face vague operational conditions. In this case, the fuzzy set theory is a useful approach to deal with this kind of problem [36] . In the future, integrated joint replenishment and channel coordination models under fuzzy environment can be developed. The DEs still can be used to provide a good solution to these problems.
